An endoplasmic reticulum (ER) retention sequence (ERS) is a characteristic short sequence that mediates protein retention in the ER of eukaryotic cells. However, little is known about the detailed molecular mechanism involved in ERS-mediated protein ER retention. Using a new surface display-based fluorescence technique that effectively quantifies ERS-promoted protein ER retention within Saccharomyces cerevisiae cells, we performed comprehensive ERS analyses. We found that the length, type of amino acid residue, and additional residues at positions ؊5 and ؊6 of the C-terminal HDEL motif all determined the retention of ERS in the yeast ER. Moreover, the biochemical results guided by structure simulation revealed that aromatic residues (Phe-54, Trp-56, and other aromatic residues facing the ER lumen) in both the ERS (at positions ؊6 and ؊4) and its receptor, Erd2, jointly determined their interaction with each other. Our studies also revealed that this aromatic residue interaction might lead to the discriminative recognition of HDEL or KDEL as ERS in yeast or human cells, respectively. Our findings expand the understanding of ERS-mediated residence of proteins in the ER and may guide future research into protein folding, modification, and translocation affected by ER retention.
In eukaryotic cells, the endoplasmic reticulum (ER) 3 and the Golgi are two important cell organelles mainly responsible for the folding, post-translational modification, and translocation of newly synthesized polypeptides (1) . Studies have suggested that the incorrectly folded protein could subsequently cause diseases such as Parkinson's and Alzheimer's, for example (2) .
To facilitate the functions of the ER and Golgi, many proteins reside in these two apparatuses, including protein disulfide isomerase, Kar2, DnaJ-related protein Scj1, etc. One interesting finding is that these ER-resident proteins share a conserved C-terminal short peptide sequence, which is reported as HDEL or KDEL in Saccharomyces cerevisiae or human, respectively (3, 4) . It is speculated that protein containing a C-terminal HDEL sequence, such as Kar2, could retain in yeast ER through interaction with the yeast ER lumen protein-retaining receptors, Erd1 or Erd2 (5, 6) . Similar studies reported in human cells indicate that protein possessing a C-terminal KDEL sequence interacts with human ER protein retention receptor KDELR1, KDELR2, or KDELR3 (7, 8) . As the only identified receptors in cells, recent studies on Erd2 and KDELR1 indicated that deletion of ERD2 caused defective protein traffic through the Golgi (6) , and KDELR1 malfunction led to T-cell homeostasis (9) , cell intrinsic lymphopenia and apoptosis (10, 11) .
The understanding of how ERS interacting with its receptors to promote ER retention remains in the preliminary stage, mainly due to the lack of an effective method and resolved protein structures of Erd and KDELR. Previous studies in yeast show that amino acids 51-57 in Kluyveromyces lactis Erd2 determine its interaction specificity against different ERS (12) . Similar results were obtained in the human receptors, in which Asp-50 was demonstrated to be required for the efficient binding of KDEL ligands (13) . This residue has further been identified as important for the function of Erd2 in S. cerevisiae (6) . Moreover, studies also show that the length of ERS is 4 amino acids in both human and yeast proteins. Nevertheless, the biochemical characterization of yeast Kar2 protein suggests that FEHDEL is a stronger ERS than other HDEL-containing sequences (14) . In addition, analyses of the KDEL derivatives of human ER-localized proteins also indicate that extra amino acids at positions Ϫ5 and Ϫ6 of the ERS may be involved in determining the ER localization of the protein (15) .
Besides its physiological significance, the yeast ER retention effect recently came to attention by being utilized to establish pioneering high-throughput screening methods for protease engineering, including the surface display-based yeast ER sequestration system (YESS) (16) and FRET-based protease evolution via cleavage of an intracellular substrate (PrECISE) (17) . In the YESS approach, FEHDEL, the original C-terminal retention sequence of Kar2, exhibited a stronger ability than HDEL to retain the heterologous protease and its substrates in the yeast ER, thus providing a broader dynamic range for protease engineering. Therefore, further characterization of the HDEL-type ERS and investigation of the mechanism of ERS interaction with ER receptors will advance the understanding of ERS-promoted protein ER retention as well as ER function in cells.
In the present studies, a new strategy for integrating the yeast surface display, flow cytometry, and protein ER retention was developed, which provided an efficient way to specifically characterize different ERS and their interactions with ER receptors in yeast ER. Combining this strategy with the I-TASSER (iterative threading assembly refinement) program guided structure simulation (18) , a mechanism for aromatic residue-controlled protein ER residence in S. cerevisiae was proposed.
Results

Analyzing the ERS-promoted ER retention effect by a modified YESS approach
Comparing the methods of gene knockout and down-regulation (5, 6) , a new strategy evolved from the YESS approach (16) was developed here so that the ER retention strength of different ERS could be evaluated quickly ( Fig. 1 ). Using the YESS approach, we noticed that fusing ERS at the C terminus of Aga2 would not disrupt but would obviously slow down the Aga1-Aga2-mediated surface display (SD) process, thus providing a way to evaluate the ER retention strength of different ERS. Based on this strategy, different ERS were anchored at the C terminus of Aga2, with a FLAG epitope tag inserted between Aga2 and ERS to form the Aga2-FLAG-ERS cassette. The FLAG epitope tag was then recognized by the iFluor 647conjugated anti-FLAG antibodies once the Aga2-FLAG-ERS cassette was displayed on the yeast cell surface. Through this method, the strength of ERS-mediated protein ER retention in yeast cells was converted to the fluorescent signals on the cell surface, which could be quantitated quickly by flow cytometry and fluorescence microscopy ( Fig. 1) . In principle, a strong ERS will cause enhanced retention of the Aga2-FLAG-ERS cassette in yeast ER, resulting in a decreased cell surface presence and thus exhibiting low fluorescent intensity after antibody labeling.
Identifying the key residues in HDEL-type ERS
To understand HDEL-type ERS-mediated protein ER retention in yeast cells, we further characterized FEHDEL, the strongest ERS identified so far, which is also the C-terminal ERS of Kar2 that was studied previously and applied in the YESS system. First, FEHDEL derivative sequences shortened from the C or N terminus, respectively, including FEHDEL, FEHDE, FEHD, FEH, FE, F, EHDEL, HDEL, DEL, EL, and L, were investigated at 20°C for their length effect on ER retention strength (pESD-2-1-pESD-2-11 in supplemental Table S1 , Fig. 2A , and supplemental Table S2 ). Normalized to the control of the Aga2-FLAG cassette containing no ERS (pESD-1 in supplemental Table S1 ), only HDEL, EHDEL, and FEHDEL exhibited obvious ER retention ability, with FEHDEL being the strongest and showing the lowest normalized SD efficiencies of 6.5, 12.1, and 21.3% after induction for 3, 6, and 10 h, respectively. Comparably, EHDEL and HDEL exhibited higher SD efficiencies of 7.2 and 10.1% at 3 h, 15.4 and 21.4% at 6 h, and 24.8 and 33.9% at 10 h, respectively. Other than these ERS, no other FEHDEL derivatives presented clear ER retention ability, indicating that the C-terminal HDEL sequence was critical for the ER retention effect and that additional amino acids at the N terminus of HDEL might affect its ER retention ability.
Following these findings, site mutagenesis against the residues at positions Ϫ4, Ϫ5, and Ϫ6 of FEHDEL was carried out to further investigate the roles of certain residues in the HDELtype ERS (pESD-2-12 to pESD-2-19 in supplemental Table S1,  Fig. 2B, and supplemental Table S3 ). It is worth noting that these three residues all have interesting biochemical properties, including the aromatic property and positive charge of His at position Ϫ4, the negative charge of Glu at position Ϫ5, and the strong aromatic property of Phe at position Ϫ6. In this study, His at position Ϫ4 was first mutated to Ala, Glu, and Lys, representing amino acids with simple, negatively charged, and positively charged side chains, respectively. Normalized to the control of the Aga2-FLAG cassette, the results showed that the ER retention effect was abolished in FEADEL and FEEDEL, and impaired in FEKDEL, with SD efficiencies ranging from 62.7 to 99.6% after induction at 20°C. (The underlined letters in the ERS mutants represent amino acids with simple, aromatic, negatively charged, and positively charged side chains.) Interestingly, the decreased ER retention strength of FEKDEL suggested the involvement of aromatic property of His, as the positively charged Lys could only partially sustain its retention ability. Next, Glu at position Ϫ5 was mutated to Ala, Asp, or Lys to change this negatively charged residue to another small and neutral, negatively charged, or positively charged residue. Among these three mutants, FAHDEL presented a clearly decreased ER retention effect with surface display efficiencies of 5.3, 24.1, and 32.3% after induction for 3, 6, and 10 h, respectively, at 20°C, indicating a preference for a charged or larger residue at position Ϫ5. Finally, Phe at position Ϫ6 was mutated to Ala or Trp, which either abolished or enhanced the aromatic property at this position. Our results showed that WEHDEL exhibited a more than 2-fold stronger ER retention strength than FEHDEL, with the SD efficiency largely decreasing to 4.6, 4.4, and 6.3% after induction for 3, 6, and 10 h, respectively, at 20°C. These results combined suggest that besides His at posi-tion Ϫ4, an aromatic residue at position Ϫ6 could enhance the strength of HDEL-type ERS.
Changing Phe to Trp generated WEHDEL, a much stronger ERS. The detailed ER retention abilities were further evaluated in time-dependent experiments at both 30°C ( Fig. 2C and supplemental Table S4 ) and 20°C ( Fig. 2D , supplemental Table S5 ). At 30°C, the Aga2-FLAG control cassette reached its maximum SD efficiency of 71.9% after a 6-h induction, whereas it took 10, 14, and 24 h for HDEL, FEHDEL, and WEHDEL to reach their own maximum of 69.6, 73.2 and 65.2%, respectively. Similar results were obtained at 20°C, further demonstrating the strongest ER retention ability of WEHDEL, especially when the maximum SD efficiencies of WEHDEL were only 86 and 41% of the Aga2-FLAG control after a 24-and 48-h induction at 30 and 20°C, respectively. At the same time, the in-cell mRNA levels of these cassettes were quantitated and found to be similar by qRT-PCR experiments ( Fig. 2E ).
To further confirm the decisive role of HDEL in determining the ER retention ability of ERS, the C-terminal sequences of four other proteins that contain only the DEL sequences in S. cerevisiae, including NFRDEL of Sil1, MLKDEL of Scj1, DGEDEL of Gpi17, and PYLDEL of Qcr2, were evaluated in our Table 1 , and pESD-2-20 to pESD-2-23 in supplemental Table S1 ). Similar to FEKDEL, both NFRDEL and MLKDEL had positively charged residues at position Ϫ4, thus presenting moderate ER retention abilities, which is consistent with the identified ER cellular localization of Si11 and Scj1 in yeast (19, 20) . DGEDEL exhibited very weak ER retention ability even though Gpi17 was identified as an ER-localized protein (21) . Comparably, PYLDEL presented no ER retention ability, consistent with the non-ER cellular localization of Qcr2 (22) .
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studies (Fig. 2F,
Evaluating the interaction between different ERS with Erd1 and Erd2
In our studies here, the interaction between different ERS with Erd1 or Erd2, including HDEL, FEHDEL, and WEHDEL, was investigated through a fast evaluating method. Based on the YESS approach, the ERD1/ERD2 and the different Aga2-FLAG-ERS cassettes were anchored downstream of GAL1 and GAL10 in the bidirectional GAL1-GAL10 promoter, respectively (pESD-3-1, pESD-3-2, and pESD-4 -1 to pESD-4 -6 in supplemental Table S1), providing the advantage of simultaneous expression under the induction of galactose. Overexpressed Erd1 or Erd2 might further retain the correspondent Aga2-FLAG-ERS cassette in the ER through its interaction with ERS, thus causing the decreased SD efficiencies of the Aga2-FLAG-ERS cassette. A similar bimolecular fluorescence complementation (BiFC) strategy has been used to investigate the interaction between KDEL and human KDELR in previous research (15) , except that YESS is unique for yeast cells.
Using cell surface fluorescence intensity as the indicator, the flow cytometry results indicated that the SD efficiency of the Aga2-FLAG control was not affected by the overexpression of either Erd1 or Erd2 ( Fig. 3A and supplemental Table S6 ). Similarly, the SD efficiencies of different Aga2-FLAG-ERS cassettes, including Aga2-FLAG-HDEL, Aga2-FLAG-FEHDEL, and Aga2-FLAG-WEHDEL, also were not obviously affected by Erd1 overexpression (Fig. 3 , B-D, and supplemental Table  S6 ). However, under the overexpression of Erd2, decreased SD efficiencies were recorded with the Aga2-FLAG-ERS cassettes, among which the Aga2-FLAG-HDEL and Aga2-FLAG-WEHDEL presented the highest and lowest SD efficiencies, respectively. The decreased SD efficiencies under Erd2 overexpressed condition strongly suggested that the HDEL-, FEHDEL-, and WEHDEL-meditated protein ER retention was Erd2-associated. Additionally, it was also noticed that the 24-h maximum SD efficiencies of Aga2-FLAG-WEHDEL under normal, Erd1, or Erd2 overexpression conditions were around 65.2, 55.2, and 49.3%, respectively, which were lower than those of Table 1 Proteins
containing carboxyl-terminal sequence of DEL in S. cerevisiae
The sequences of 15 proteins from S. cerevisiae were extracted from the NCBI database. The italics and underlined letters represent the common sequence of HDEL motif ERS. Information regarding functional properties and localization was adapted from http://www.yeastgenome.org/. (Please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.) 
C-terminal sequences Genes Function Location
Strength of ERS
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HDEL and FEHDEL ( Fig. 3 , B-D), further confirming its strongest ER retention strength. Quantitated by RT-PCR, the mRNA levels of ERD1 or ERD2 in their overexpressed cells were consistently around 20-fold higher than under normal conditions and was not affected by the co-expression of either the Aga2-FLAG or the Aga2-FLAG-WEHDEL cassettes (Fig. 3E ).
The expressed Aga2-FLAG-ERS cassettes can be transported to the cytoplasm, accumulated in the ER and Golgi, and displayed on the cell surface. Therefore, the attempt to quantify their total protein expression levels by Western blot analysis met with experimental difficulties, as protein extraction efficiencies from the ER, Golgi, and cell surface are lower than from cytoplasm. For example, a strong ERS such as WEHDEL leads to a large accumulation of ERS complexes in the ER and Golgi and decreased transportation to cell surface and cytoplasm, which subsequently causes an decreased total extracted ERS complex protein levels than the control of the Aga2-FLAG cassette without ERS. To solve this problem, ERS including HDEL, FEHDEL, and WEHDEL were inserted into either the Aga2-ERS-GFP-FLAG or the Aga2-GFP-FLAG-ERS cassettes to detect the protein expression levels of the Aga2-GFP-FLAG-ERS cassettes by evaluating the total cellular GFP fluorescence intensity (pESD-6 -1 to pESD-6 -3 and pESD-7-1 to pESD-7-3 in supplemental Table S1 ). The use of GFP here facilitated the quick quantitation of the total protein expression in cells using flow cytometry. Besides, the SD efficiencies of different Aga2-GFP-FLAG-ERS and Aga2-ERS-GFP-FLAG cassettes could still be quantitated by the iFluor 647-conjugated anti-FLAG antibodies without interference from GFP in flow cytometry, because iFluor 647 and GFP can be excited by different lasers with detection emission wavelengths that do not overlap. Due to the different ER retention abilities of ERS, the Aga2-GFP-FLAG-HDEL, Aga2-GFP-FLAG-FEHDEL, and Aga2-GFP-FLAG-WEHDEL cassettes presented SD efficiencies of 70.7, 65.1, and 27.4%, respectively, after induction for 6 h at 30°C, which were all lower than the Aga2-GFP-FLAG control of 79.0% ( Fig. 4A and supplemental Fig. S1A ). However, none of the Aga2-ERS-GFP-FLAG cassettes exhibited obviously lower SD efficiencies than the Aga2-GFP-FLAG control, even under the overexpression of Erd2 (Fig. 4A and supplemental  Fig. S1A ). Moreover, the total GFP intensities of these cassettes were all similar ( Fig. 4B and supplemental Fig. S1B ), indicating that their protein expression levels may not be affected by the differences in ERS and Erd2 overexpression. At the same time, 
the mRNA levels of the different Aga2-GFP-FLAG-ERS cassettes were quantitated and found to be similar, which is consistent with their total cellular GFP fluorescence intensities (Fig. 4C) . These combined findings demonstrate that the strong interaction between Erd2 and ERS occurred only when ERS was located at the C terminus of the ER-resident protein (Fig. 4D ).
Another advantage of GFP was that it facilitated direct visualization of the cellular localization of the Aga2-GFP-FLAG-ERS cassettes using a fluorescent microscope. Cellular GFP fluorescence evaluation showed that the Aga2-GFP-FLAG cassette was mostly secreted out and scattered evenly on the yeast cell surface without accumulating in the yeast ER or Golgi (Fig. 4E) . Comparably, the yeast cells bearing Aga2-GFP-FLAG-FEHDEL and Aga2-GFP-FLAG-WEHDEL cassettes clearly presented clustered GFP fluorescence next to the edge of the cell inner membrane, which indicated an accumulation 
of these cassettes in the yeast ER and Golgi. This dispersion of GFP inside and outside of cells also suggested that using GFP fluorescence instead of Western blot analysis might be a more efficient way to evaluate total ERS complex expression levels in our studies.
Characterizing the residues involved in the interaction of HDEL-type ERS and Erd2
To further explore the interaction between the ERS and Erd2, the tertiary structure of Erd2 was simulated using the I-TASSER program (18) , and the interaction between FEHDEL and Erd2 was deduced using the ZDOCK program to guide the subsequent biochemical characterization (Fig. 5 ). Erd2 structure was simulated based on a eukaryotic SWEET transporter (Protein Data Bank code: 5CTG) (23) , which consisted of a seven-transmembrane ␣-helix (helix ␣1-␣7) with loops 1, 2, and 3 facing the ER lumen (Fig. 5A) . The Asp-50, identified previously as involved in the interaction between Erd2 and ERS (13) , was located at the edge of helix ␣2 and loop 1. One interesting observation on the simulated Erd2 structure is that the loop regions facing the ER lumen are rich in aromatic residues, including Phe-54, Trp-56, and Tyr-60 on loop 1, Phe-114, Phe-115, Phe-119, and Phe-121 on loop 2, and Trp-172, Trp-174, and Tyr-176 on loop 3 (Fig. 5B) .
Our biochemical studies on HDEL suggest that the His residue mainly determine the ER retention strength duo as to its positive charge and aromatic property (Fig. 2B) . This finding was supported in our structure simulation showing that the His residue in FEHDEL possibly formed an H-bond with Asp-50 and astacking force with Phe-54 through its imidazole ring (Fig. 5C ). Meanwhile, the aromatic ring of Phe at position Ϫ6 of FEHDEL might form astacking force with Trp-56, thereby enhancing the ER retention ability of FEHDEL beyond that of HDEL (Fig. 5C ). It was also conjectured that the Trp at position Ϫ6 of WEHDEL might form an even strongerstacking force with Trp-56 than that of FEHDEL (Fig. 5D ). In comparison with FEHDEL, only an ionic bond was formed between the Lys residues of FEKDEL and Asp-50 in the simulated structure ( Fig. 5E ). More interestingly, a characteristic domain constituted mainly by aromatic residues was observed in Erd2, into which the His residue of HDEL was deeply inserted (Fig. 5F ).
Figure 5. Structural simulation of the interaction between Erd2 and ERS.
A, the overall simulated structure of Erd2 using the I-TASSER program. B, the aromatic residues located on loop 1 (blue), loop 2 (purple), and loop 3 (red) form a characteristic subdomain facing the ER lumen. C-E, the speculated interaction between Erd2 and FEHDEL (C), WEHDEL (D), and FEKDEL (E). F, the FEHDEL polypeptide was embedded into the aromatic subdomain with the His residue inserted into the cavity of Erd2.
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Based on this simulated interaction between ERS and Erd2, mutations on Asp-50, Phe-54, and Trp-56 were analyzed further (pESD-3-3 to pESD-3-10 and pESD-4 -7 to pESD-4 -30 in supplemental Table S1 ). Interestingly, the SD efficiencies of all of the Aga2-FLAG-ERS cassettes in yeast cells with overexpressed erd2-D50A or erd2-D50E mutants were similar to those in normal yeast cells without Erd2 overexpression, ranging from 20.8 to 70.6% after induction for 3-6 h ( Fig. 6A and supplemental Table S7 ). These numbers were significantly higher than in those yeast cells with overexpressed Erd2, indi-cating the key role of Asp-50 in maintaining the function of Erd2. Similarly, mutations on Trp-56 and Phe-54 also confirmed their critical roles in maintaining the function of Erd2. The SD efficiencies of all Aga2-FLAG-ERS cassettes were similar in the yeast cells overexpressing erd2-F54A or erd2-W56A mutants or the wild-type control without ERD2 overexpression, indicating that the Erd2 structure was either disrupted or significantly changed by the F54A or W56A mutations (Fig.  6, B and C, and supplemental Table S7 ). Comparably, overexpressing erd2-F54W, erd2-F54Y, erd2-W56F, or erd2-W56Y Figure 6 . Characterization of the key residues in the interaction between HDEL-type ERS and Erd2. A-D, under conditions without overexpression of ERD2 or with overexpression of ERD2 or its mutants, the SD efficiency of the Aga2-FLAG-ERS and Aga2-FLAG-ERS cassettes (ERS: HDEL, FEHDEL, or WEHDEL in supplemental Table S1 ) was quantitated after induction for 3 and 6 h at 30°C, respectively. The cells were surface-labeled with iFluor 647-conjugated anti-FLAG antibodies for FACS analysis. The red or blue dotted line represents the SD efficiency of the Aga2-FLAG-WEHDEL cassette in a normal yeast cell or with overexpressed Erd2, for comparison, respectively. E, the hypothesized mechanism for the interaction between HDEL-type ERS and Erd2 in S. cerevisiae. In A-D, the data are presented as mean Ϯ S.E. (n ϭ 3 independent experiments). p Յ 0.05 (Student's t test).
mutants in yeast cells maintained the ER retention of the HDEL-type Aga2-FLAG-ERS cassettes, similar to those under the overexpression of ERD2 (Fig. 6, B and C, and supplemental Table S7 ). It was concluded that the erd2-F54W, erd2-F54Y, erd2-W56F, and erd2-W56Y mutants maintained the aromatic properties of the residues at positions 54 and 56 while sustaining the conformation of the aromatic subdomain.
Furthermore, the significance of all the aromatic properties of loop 1, loop 2, and loop 3 of Erd2 was also evaluated through combined mutations, including F54A/W56A/Y60A, F114A/ F115A/F119A/F121A, and W172A/W174A/Y176A mutations on loops 1, 2, and 3, respectively (pESD-3-11 to pESD-3-13 and pESD-4 -31 to pESD-4 -39 in supplemental Table S1 ). Surprisingly, all these mutants disrupted the function of Erd2 (Fig.  6D and supplemental Table S7 ) providing evidence that, not only in the HDEL-type ERS, the aromatic residues in the loop 1, loop 2, and loop 3 of Erd2 also played important roles in maintaining its function as an ERS receptor.
Based on these findings, we proposed a mechanism with a characteristic subdomain constituted by the gathered aromatic residues located on loops 1, 2, and 3 into which the HDEL-type ERS is embedded, with its His residue deeply inserted to interact with Asp-50 and Phe-54. Moreover, this aromatic subdomain might also be involved in the interaction with the additional aromatic residues located at the N terminus of HDEL, in which Trp-56 plays a crucial role (Fig. 6E ).
Applying WEHDEL in YESS for protease engineering
WEHDEL, the strongest ERS identified in our studies, was then applied to our recently developed YESS approach to expand its dynamic range for protease engineering. As an example, human MMP7 was used to evaluate the property of WEHDEL because of its potential therapeutic application on IgG cleavage against autoimmune diseases (24) . As seen in Fig.  7A , due to the low proteolytic activity of MMP7, clear cleavage was not observed on MMP7 against either its native substrate, RPLALWRS, or the conserved IgG lower hinge sequence, PAPELLGGP, when no ERS was applied (pESD-8 and pESD-9 in supplemental Table S1 ). After FEHDEL was applied as an ERS, evident cleavage was recorded with MMP7 against RPLALWRS, whereas the cleavage against PAPELLGGP was still subtle (Fig. 7B) . However, the utilization of WEHDEL as an ERS could lead to clear cleavage against both RPLALWRS and PAPELLGGP (Fig. 7C) , indicating that WEHDEL could strongly retain the MMP7 and its substrates in yeast ER to facilitate the weak proteolytic reaction. Considering that YESS is a pioneering method for protease engineering and even for kinase engineering (16) , the discovery of WEHDEL provides additional options that may assist the engineering of enzymes with slow kinetic properties.
Discussion
Compared with previously published gene knock-out (5) and bimolecular fluorescence complementation methods (15) , the strategy developed in our studies could convert the retention strength of different ERS to the differentiable surface display efficiencies, facilitating quantitation by the highly sensitive flow cytometry technology (Fig. 1) . More importantly, the use of the bidirectional GAL1-GAL10 promoter could lead to the simultaneous expression of ERS and its receptors, thus minimizing the bias in investigating their interactions. In our studies, a total of 37 different ERS and 128 constructs (supplemental Table S1 ) were quantitatively evaluated using this strategy, which effectively deciphered the characteristics of HDEL-type ERS and the significant role of aromatic residues in both ERS (at position Ϫ6 and Ϫ4) and Erd2 (Phe-54, Trp-56, and other aromatic residues facing the ER lumen) in determining their interactions.
The ERS for ER-resident proteins
Our studies of FEHDEL derivatives suggested that the HDEL sequence was critical in maintaining the ER retention effect (Fig. 2, A and B) . Our analysis of the C-terminal 6 amino acids of all 11 proteins that possess a C-terminal HDEL sequence in S. cerevisiae indicated that these HDEL-type ERS all present clear but different ER retention abilities ( Table 1, Fig. S2A , and pESD-2-1 and pESD-2-24 to pESD-2-33 in Table S1 ). These results further confirmed the ER retention ability of the HDEL sequence, also indicating that the N-terminal residues at positions Ϫ5 and Ϫ6 affect the strength of different HDEL-type ERS. Similarly, the study of the human protein disulfide isomerase family member ERp18 also suggested that the amino acids at positions Ϫ5 and Ϫ6 of the N terminus of KDEL affect its ER localization in human cells (15) . In addition, the C-terminal sequences of four other ER-localized proteins that do not contain the HDEL-type ERS, including Pbn1, Ero1, Erv2, and Emp65, were also evaluated in our studies (supplemental Fig.   Figure 7 . Application of WEHDEL using the YESS approach. The MMP7 against its native substrate, RPLALWRS, and the human IgG lower hinge sequence, PAPELLGGP, were tested using the YESS approach with different ERS. A, without ERS; B, FEHDEL; C, WEHDEL. Induced cells were surface-labeled with iFluor 647-conjugated anti-FLAG antibodies and FITC-conjugated anti-HA antibodies followed by FACS analysis. High APC fluorescence with little or no FITC fluorescence indicated the specific cleavage at the substrate sequence (16) .
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S2B and pESD-2-34 to pESD-2-37 in supplemental Table S1) . Surprisingly, RSVKRE and YKLDIQ, which were extracted from Pbn1 and Ero1, respectively, both exhibited weak ER retention strength, suggesting that ERS might act in a more complex manner than just the HDEL-type. One possible explanation of how a protein with weak or no C-terminal ERS can still be ER-resident, such as Scj1, Gpi17, Sil1, Pbn1, Ero1, Erv2, and Emp65 that were tested in our studies, is that these proteins may carry out their ER-associated physiological functions through interaction with other ER-resident proteins containing strong ERS. For examples, Scj1 has been reported to cooperate with Kar2 to mediate the maturation of proteins (25) .
Our results showed that ERS containing either DEL or HDEL sequences could confer different ER retention abilities (Fig. 2F , supplemental Fig. S2A, and Table 1 ). It needs to be pointed out that the total cellular GFP fluorescence intensities of the different Aga2-GFP-FLAG-ERS cassettes that contain these ERS are similar, indicating their similar protein expression levels in cells (supplemental Fig. S2C and pESD-6 -4 to pESD-6 -17 in supplemental Table S1 ). Combining these results, it could be concluded that the different ER retention abilities of ERS are caused by their innate property of interaction with ERD2.
Erd2 as the main receptor of HDEL-type ERS
An ERD2 knock-out strain would be ideal for the direct assessment of the effects of the various Erd2 mutations. Unfortunately, we were not able to generate the ERD2 knock-out strain even after tremendous effort. This may be because ERD2 is an essential gene, the deletion of which in the yeast genome would lead to cell death. In addition, we also tried the classic yeast two-hybrid method to analyze the interaction between ERS and Erd1/Erd2, but no positive results were obtained (supplemental Fig. S3 and pGAD-C1 and pGBDU-C1 in supplemental Table S1 ). The failure of the yeast two-hybrid method might have occurred because Erd are ER-localized proteins, which could not be translocated to the nucleus for evaluation. We then quantitated the intracellular interaction between different ERS and Erd1/Erd2 as an alternative strategy ( Fig. 3 ). ERD2 or its mutants were simultaneously overexpressed in the cells to see if they would strengthen ERS-mediated protein ER retention. In Fig. 3 , B-D, our results indicate that overexpressed ERD2 enhanced protein ER retention with ERS of HDEL, FEHDEL, and WEHDEL. Comparably, it had no effect on the Aga2-FLAG cassette without ERS (Fig. 3A) . As a comparison, overexpression of Erd1 had no influence on protein ER retention, which could be regarded as a control method to confirm the effectiveness of our strategy (Fig. 3, A-D) . Therefore, the method developed here exhibited the advantages of specifically studying the interaction between different ERS and Erd in yeast ER, which revealed the strong interaction of HDEL-type ERS against Erd2 instead of Erd1 ( Fig. 3 and supplemental Table  S6 ). In fact, this alternative strategy could lead to a fast evaluation of all Erd2 mutations by simply expressing the different ERS and Erd2 variants simultaneously, leading them to the yeast ER through the N-terminal ER signal peptide. Under such circumstances, the alternative strategy utilized here might be the best option we could choose for our studies.
One noteworthy fact is that the three identified KDEL receptors in human cells, KDELR1, KDELR2, and KDELR3, are all homologous with Erd2 (7, 8) , presenting sequence similarities ranging from 47.1 to 48.9% with Erd2 (supplemental Fig. S4A ). Comparably, their sequencing similarities with Erd1 range from 9.1 to 10.5% (supplemental Fig. S4B ). As we confirmed that HDEL-type ERS-mediated protein ER retention is clearly Erd2-associated, it is possible that Erd1-mediated ER retention is protein-specific. In fact, the protein interaction mapping results suggested that Erd1 might carry out its function through protein interaction with Erd2 (26) .
The mechanism of Erd2 interaction with HDEL-type ERS
A mechanism for interpreting the interaction between Erd2 and HDEL-type ERS was proposed based on structure simulation and subsequent biochemical analysis (Fig. 6E ). Asp-50 has been demonstrated previously to be a key residue in maintaining the function of Erd2 and KDELR1 (13) . However, the involvement of Phe-54 is an interesting finding, suggesting that HDEL might interact with Erd2 through not only the H-bond with Asp-50 but also thestacking force with Phe-54. These interactions were caused by the special properties of the imidazole ring of the His residue in HDEL, which differentiated it from the characteristic human ERS, KDEL. In fact, replacing His with Lys in FEHDEL led to an impaired but still weak ER retention ability of FEKDEL (Fig. 2B) . Moreover, the finding that D50A and F54A mutations disrupted the interaction between HDEL and Erd2, whereas F54W and F54Y mutations maintained the interaction, together provide supportive evidence for this speculation (Fig. 6, A and B) .
Loops 1-3 of the simulated Erd2 were predicted to contain a total 10 aromatic residues, establishing an intense aromatic net facing the ER lumen ( Fig. 5B ). Considering the aromatic property of His and Phe in FEHDEL, we speculated that thestacking force among the aromatic rings of ERS and Erd2 contributes to their interaction (Fig. 5C ). This speculation was also supported by the evidence that mutating these aromatic amino acids to Ala disrupted the interaction between Erd2 and FEH-DEL or WEHDEL (Fig. 6D ). This might explain that why replacing His with Lys largely impaired the ER retention strength of FEKDEL, whereas replacing Phe with Trp significantly enhanced the strength of WEHDEL (Fig. 2B ). In addition, this might also be the reason that FEHD and FEHDE both exhibited certain ER retention strength, because these two sequences keep two aromatic residues of the original FEHDEL sequence ( Fig. 2A) .
To provide more information on the interaction between ERS and Erd2 mutants, further structural simulation was performed (supplemental Fig. S5 ). A docking simulation indicated that the mutation of Asp-50, Phe-54, Trp-56, or the aromatic residues in loop 1, loop 2, or loop 3 to Ala might damage the aromatic domain in Erd2, causing the His residue in the FEH-DEL polypeptide to be unable to be inserted into the cavity of the Erd2 mutants (supplemental Fig. S5, A-F) . Comparably, replacing Trp-56 with another aromatic residue, such as Tyr or Phe, might not impair the aromatic net of Erd2, thus preserving its ability to interact with FEHDEL or WEHDEL (Fig. 6C ).
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Erd2 exhibits distinct simulated structures in comparison with Erd1 but shares similar ones with KDELR1 ( Fig. 6A and  supplemental Fig. S6, A and B) . One interesting question for the ER retention study was why yeast and human cells prefer different ERS, such as HDEL and KDEL, respectively. Speculation based on our biochemical analysis and structure simulation suggested that this difference might be caused by the sequence difference around Phe-54 and Trp-56 (Erd2 number) on loop 1 between Erd2 and KDELR1 (supplemental Fig. S4 ). KDEL could be steadily docked into the KDELR1 through ionic bonds between Lys and Asp-50 and Glu-117, and a hydrogen bond between Lys and Tyr-55 (supplemental Fig. S6C ). Comparably, HDEL was docked into the KDELR1 in an unstable state in which His could form a weakand -lone pair interaction with Trp-120 and Tyr-55, respectively, without an observed interaction with Asp-50 (supplemental Fig. S6D ). It also should be noted that this binding may be even weaker due to the inaccessibility of Trp-120 inside the ER membrane. Oppositely, HDEL was stably docked into Erd2 to build strong interactions ( Fig. 5D ), whereas KDEL docked into Erd2 revealed an unstable complex (Fig. 5E ). Considering that the sequence around Phe-54 and Trp-56 played a critical role in constituting the binding cavities for the His/Lys residue, this might explain why HDEL and KDEL are preferred in the yeast and human cells, respectively. Although a weak interaction between HDEL and KDELR1 was speculated, HDEL might still be recognized as an ERS in human cells, especially because human cells contain 13 proteins with the C-terminal HDEL sequence (27) .
Based on our structure simulation and biochemical analysis, the aromatic residues in both HDEL and Erd2 might together control the HDEL-mediated protein ER residence in S. cerevisiae. In addition, our studies also revealed that proteins not possessing this C-terminal characteristic sequence, such as Pbn1, Ero1, etc., could also reside in the ER, indicating a complex ER retention mechanism.
Experimental procedures
Vector construction
A pESD plasmid constructed previously was modified to evaluate the strength of different ERS (16) . The AGA2 gene downstream of the GAL10 promoter was fused with a two-part cassette encoding the FLAG-tag sequence DYKDDDDK and the ERS, forming an Aga2-FLAG-ERS cassette. ERD1 and ERD2 were under the control of the GAL1 promoter for simultaneous expression in yeast cells. A total of 37 different ERS in 128 constructs was generated and analyzed, and detailed information is listed in supplemental Table S1 .
FACS analysis
The constructed plasmids were transformed into EBY100 cells (URA ϩ , leu Ϫ , trp Ϫ ) followed by cultivation and induction. The cells bearing different constructs were labeled with iFluor 647-conjugated anti-FLAG antibodies (GenScript, Nanjing, China) followed by detection using similar protocols published previously (28) with a Beckman Coulter CytoFLEX flow cytom-eter (Beckman Coulter). The iFluor 647 fluorescent intensity was detected with the APC channel, 660/20 nm band pass, and GFP fluorescent intensity was detected with the FITC channel, 525/40 nm band pass.
The SD efficiencies of cells bearing different Aga2-FLAG-ERS cassettes were normalized by using the SD efficiency of the cells bearing an Aga2-FLAG cassette as the control. The normalized display efficiency was calculated as: [Normalized display efficiency] ϭ ([Cell display percentage of Aga2-FLAG-ERS]/[Cell display percentage of Aga2-FLAG]) ϫ 100%. To exhibit the real time-dependent enhancement, the cell surface display efficiencies in the time-dependent experiments were not normalized by the control.
Florescence microscopy
Yeast cells bearing pESD-Aga2-GFP-ERS cassettes were cultured overnight and then induced at 20°C for 20 h. Yeast cells bearing pESD-Aga2-FLAG-ERS cassettes were cultured, induced, and then labeled with iFluor 647-conjugated anti-FLAG antibodies. Fluorescent images of cells were obtained with a Zeiss laser-scanning microscope (Zeiss, German) with a 488-nm argon-ion laser.
Yeast total RNA extract and qRT-PCR
Total RNA of yeast samples was extracted from induced cells after galactose induction using a yeast RNAiso kit (TaKaRa) followed by reverse transcription into cDNA in a 20-l reaction mixture using a PrimeScript TM II first-strand cDNA synthesis kit (TaKaRa). The cDNA levels were then analyzed using the CFX real-time PCR system (Bio-Rad). Relative expression levels against endogenous TAF10 (29) were determined with efficiency correction and associated technical errors on triplicates calculated.
Yeast two-hybrid assay
The GFP-ERS cassettes were cloned into vector pGBDU-C1 to form pGBDU-bait constructs with pGBDU-GFP as the control. ERD1 and ERD2 genes were cloned into vector pGAD-C1 to form pGAD-prey constructs. pGBDU-bait and pGAD-prey plasmids were transformed into PJ69-4␣ and PJ69-4a (30), respectively. The PJ69-4␣ and PJ69-4a strains bearing different constructs were cross-streaked on a YPD plate for mating. After a 3-h incubation at room temperature, mated cells were transferred to SD (Ϫleucine and Ϫuracil) plates to select for diploids. Then single colonies were streaked on SD (Ϫleucine, Ϫuracil, and Ϫhistidine) plates. The PJ69-4␣ strain (containing pGBDU-Rli1 or pGBDU-Lto1 plasmid) and the PJ69-4a strain (containing pGAD-YAE1 plasmid) were used as the positive controls (31) . See detailed information of constructs in supplemental Table S1 .
Structure simulation
The Erd2 structure was simulated using the I-TASSER program (18) . The simulated structure with the highest C-score was chosen for later analysis using Discovery Studio software. Rigid docking between Erd2 and different ERS was carried out using the ZDock program (44) , and the top 10 structures presenting the highest ZDock scores were chosen followed by fur-
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ther optimization using the RDock program. The top-rated structures in the RDock program were chosen for detailed analysis to guide the subsequent biochemical analysis. The structure of other proteins, including Erd1, KDELR1, KDELR2, and KDELR3, were simulated and analyzed using the same protocol as with Erd2.
Quantification and statistical analysis
The data represent the mean Ϯ S.D. from three independent experiments. p values were calculated using Student's twotailed t test (Microsoft Excel); p Ͻ 0.05 was considered statistically significant.
